INTRODUCTION
The Gram-negative pathogen Pseudomonas aeruginosa has evolved a number of sophisticated mechanisms that help it to battle hostile environment and host defences. One of these mechanisms involves secretion of virulence factors such as proteases, phospholipases and toxins that constitute efficient molecular weapons allowing the colonization of host cells by bacteria (Bleves et al., 2010) . Six secretion systems have been described so far in Gram-negative bacteria ranging from the type I to the type VI secretion system. P. aeruginosa possesses five of the six secretion systems reported, with only the type IV secretion system absent in this bacterium. Such a diverse arsenal shows that it can be a powerful pathogen involved in a wide range of severe and sometimes fatal diseases including cystic fibrosis, nosocomial pneumonia and infections in surgery patients (Bodey et al., 1983) .
Most of the main degradative enzymes of P. aeruginosa are secreted by the type II secretion system (T2SS), a two-step mechanism involving a transient periplasmic step before exoenzymes are targeted to the extracellular medium. This system is genetically organized into two divergent operons encoding XcpR-Z and XcpPQ components. The T2SS can be viewed as a molecular nanomachine that consists of an inner-membrane platform, including XcpPRSYZ proteins, and a fibrillar structure (the pseudopilus) composed of the pseudopilins XcpTUVWX that act like a piston using elongation and retraction movements to push exoproteins out of the cell through a channel made by multimers of the secretin XcpQ (Michel & Voulhoux, 2009 ). The T2SS process was shown to be very specific since components of the machinery cannot be exchanged between distant species (Bouley et al., 2001; Filloux, 2004) . In other respects, exoproteins cannot be secreted from one species to another, except for closely related species (de Groot et al., 2001) . Such a high specificity was shown to be particularly dependent on XcpP and XcpQ proteins and homologues, which are the gate keepers of the T2SS machinery (Lindeberg et al., 1996; Bleves et al., 1999) and constitute a functional subunit referred as the PQ subunit in P. aeruginosa.
genes, xphA and xqhA, organized in an operon, which were found to be homologous to the xcpP and xcpQ genes, respectively. These genes encode the orphan PaQa subunit which can replace the classical PQ subunit and associate with the XcpR-Z components to make up a functional hybrid T2SS machinery (Michel et al., 2007) . The hybrid T2SS was shown to efficiently secrete all the T2SS-dependent exoproteins, except for the aminopeptidase PaAP (PA2939) which accumulated within the cells.
Although the role of this atypical system has not yet been elucidated, we hypothesized that it could (i) either co-exist with the classical T2SS or serve as a rescue system, (ii) only be required in some specific growth conditions such as growth on solid media or in biofilms or (iii) be induced in response to unknown signals occurring during host infection (Michel et al., 2007) . In the present work, we aimed to investigate the growth conditions required to optimize functioning of the hybrid T2SS and finding regulators that control expression of the genes encoding the orphan PaQa subunit, in order to better understand the physiological role of this atypical secretory system.
METHODS
Bacterial strains, plasmids and growth conditions. Bacterial strains and plasmids are listed in Table 1 . P. aeruginosa strains were grown either in Luria-Bertani (LB) or tryptic soy broth (TSB) at the adequate growth temperature. When required, 150 or 300 mg carbenicillin ml 21 (in liquid or solid culture, respectively) and 75 mg gentamicin ml 21 were added to the growth medium. To generate the fimV deletion, 500 bp upstream and 500 bp downstream of the fimV gene were amplified by overlapping PCR using dfimV1, dfimV2, dfimV3 and dfimV4 primers (Table 1 ) and the PCR product was cloned in pKNG101 giving the mutator vector pKNGDfimV. The xcpQ xqhA deletion was generated using pKNGDxqhA mutation vector in the PAO1DQ strain. The resulting strain PAO1DQQa was then deleted for fimV by using pKNGDfimV resulting in the PAO1DQQaDfimV strain. The deletion mutants were generated as described by Bleves et al. (1999) . Wild-type fimV gene obtained from plasmid pASM281 was subcloned at the KpnI/XbaI sites of pMMB67EH.
Transcriptional fusions. Transcriptional PPaQa-lacZ (formerly called xphA-lacZ in Michel et al., 2007) and PPQ-lacZ fusions were generated in wild-type PAO1 and in mutants by following the procedure of Hoang et al. (2000) . Expression of the transcriptional fusions was assayed by b-galactosidase activity (Sambrook et al., 1989) using cells grown either in liquid or on solid LB media. In order to standardize growth on solid medium, 2 ml liquid LB medium was first inoculated with frozen cells and grown for 8-10 h at 37 uC. Then, 0.1 OD 600 equivalent cell unit was loaded on LB agar plates, rigorously streaked in squares of 1.561.5 cm and incubated at the required temperature for 15 h. Cells were scraped from the plates, resuspended in 1 ml LB and 1 OD 600 equivalent cell unit was centrifuged (10 000 g, 5 min, 4 uC). b-Galactosidase activity was assayed at 30 uC as described by Sambrook et al. (1989) and results were expressed as described by Miller (1972) . Statistical analysis of data was performed by paired Student's t-test (Excel software).
Construction of mutant library. A mutant library was generated in the strain bearing the PPaQa-lacZ transcriptional fusion using the transposon Mariner C9 according to the procedure of Kulasekara et al. (2005) . The library was screened on selective LB agar medium containing 75 mg gentamicin ml
21
, 25 mg Irgasan ml 21 and 25 mg XGal ml
. Localization of the transposon insertions was carried out by two-round arbitrary PCR using pBT20-1/ARB1D and pBT20-2/ARB2A primer pairs (Table 1) . PCR products were sequenced (GATC Company) and mutated genes were identified by BLAST analysis with the sequenced genome of P. aeruginosa (http://v2.pseudomonas.com).
Protein secretion on solid medium. Protein secretion on solid medium was investigated using the ring-plate culturing system adapted from Levin et al. (2007) and modified as follows. Cells were cultured essentially as described above for the study of transcriptional fusions. Cells (0.2 OD 600 equivalent cell unit) were added on an LB agar disc (1.5-2 mm thick) loaded on a polycarbonate filter (0.05 mm) placed at the centre of the ring-plate. The filter membrane was upheld by the ring compartment of the ring-plate and was in contact with the LB liquid medium filling the rings at the bottom of the device. The ring-plate was then incubated at the required temperature for 5-20 h according to the experiment. During growth, secreted proteins crossed both the agar disc and the filter and were finally recovered in the liquid compartment, while cells were retained by the filter. The liquid filtrate containing extracellular proteins was either directly used for protease activity assays or precipitated on ice with 10 % (w/v) trichloroacetic acid (TCA) and the proteins were treated as previously described for SDS-PAGE or immunodetection analyses (Michel et al., 2007) .
Protein analysis and immunodetection. Extracellular proteins were separated from cells by centrifugation (10 000 g, 5 min, 4 uC). Extracellular proteins were precipitated on ice with 10 % (w/v) TCA and treated as described previously (Michel et al., 2007) . Cellular and extracellular proteins were solubilized with Laemmli lysis buffer (Laemmli, 1970) , separated by SDS-PAGE (12 % w/v) and visualized by either immunodetection as described previously (Michel et al., 2007) or Imperial blue protein stain (Pierce) and silver staining (Swain & Ross, 1995) . When indicated, protein quantification was performed using ImageJ software (http://www.rsbweb.nih.gov/ij/).
Proteolytic activities. Protease activity from liquid extracts was assayed according to Wretlind & Pavlovskis (1984) using Azocasein as substrate. Protease activities on solid medium were regularly detected after streaking cells on tryptic soy agar (TSA) containing skimmed milk and incubating plates at 37 or 25 uC. Secretion of active proteases was detected as a clear halo.
RESULTS AND DISCUSSION
Proteolytic activities dependent on hybrid T2SS
As previously reported, reconstitution of the hybrid T2SS constituted by the XcpR-Z components of the classical T2SS and the orphan subunit PaQa restored the secretion of most of the T2SS substrates (Michel et al., 2007) . In the present study, using a proteolytic activity assay, a secretion test commonly used in secretion studies, we observed that the DPQPaQa mutant complemented for the PaQa mutation exhibited only about 40 % of the total extracellular proteolytic activity recovered in the parent strain (Table 2 ). These results suggested that restoration of the secretion efficiency by the hybrid T2SS was only partial in liquid cultures. In contrast, the complemented mutant grown on a TSA-milk plate, another typical secretion assay, exhibited the same hydrolytic halo as the parent strain, showing that in these growth conditions, protein secretion was fully restored (Table 2) . These results are consistent with those published previously (Michel et al., 2007) . Thus, it can be speculated that culture conditions could affect production and/or secretion efficiency of proteolytic exoenzymes. Indeed, the differences observed could be related to a higher efficiency of the hybrid T2SS during growth on solid medium compared with liquid medium, an activation of some of the proteases secreted by the hybrid T2SS or by the secretion of yet unknown proteases. These hypotheses drove us, as a first step, to study the effect of growth conditions on the expression of the PaQa operon.
Expression of the PaQa operon during growth on solid medium
In order to compare expression levels of the PaQa operon in cells grown in liquid and solid media, we used the transcriptional PPaQa-lacZ fusion already generated in our lab in the wild-type strain PAO1 as a tool (Michel et al., 2007) . As reported previously, the activity of the fusion was found to be relatively low and constant throughout growth in liquid medium (Michel et al., 2007) in contrast with the increased expression of PPQ-lacZ and PRZ-lacZ transcriptional fusions (data not shown and Chapon-Hervé et al., 1997). Here, we found that expression of the orphan operon was threefold higher in cells grown on solid LB agar (302.8±15.3 Miller units) than in cells grown in liquid LB (99. 3±12 Miller units) . This difference was significant compared with the control PAO1 strain (P,0.001 by Student's t-test). This result, in agreement with our hypothesis, suggested that the orphan subunit, and thus the hybrid T2SS, could be particularly adapted to growth on solid medium. However, using the transcriptional fusions PPQ-lacZ (monitoring expression of the operon encoding the homologous classical PQ subunit) and PRZlacZ (monitoring expression of the other T2SS genes) as controls, we found that, similar to the PaQa operon, the PQ operon was also activated to a greater level on solid medium (3.8-fold) compared with liquid medium. These results could be expected considering that classical and orphan subunits can be exchanged and play the same function in the T2SS secretory machinery. In contrast, the RZ operon was almost the same (1.3-fold more than liquid medium) on solid medium (data not shown) showing that not all promoters are similarly activated on solid medium.
Effect of growth temperature and cell ageing on expression of PaQa
Recently, using transcriptomic and 2D-PAGE analyses, we reported that gene expression and secretome profiles of P. aeruginosa were altered when cells were grown at 25 u C instead of 37 u C (Termine & Michel, 2009 ). These results suggested that growth temperature may also alter a number of processes related to protein secretion. Therefore, we studied the effect of temperature on the expression of the transcriptional PPaQa-lacZ fusion in cells grown on solid medium at various growth temperatures. As shown in Fig. 1(a) , expression of the orphan operon correlated inversely with the temperature; the activity of the transcriptional fusion decreased progressively from 25 to 37 u C. In contrast, the activity of the transcriptional PPQ-lacZ fusion monitoring expression of the operon encoding the classical PQ subunit (homologous to the orphan subunit) increased from 25 to 37 u C, suggesting a better adaptation to growth at 37 u C. However, it should be emphasized that the transcription level of the PPQ-lacZ fusion at 25 u C is comparable to that of the pPaQa-lacZ fusion. Thus, it seems likely that hybrid and classical T2SSs could co-exist at the lower growth temperature.
In order to further define the optimal conditions of expression for the orphan genes, the wild-type strain expressing the PPaQa-lacZ fusion was grown on solid LB medium at 25 u C and activity of the fusion was assayed for b-galactosidase activity throughout growth. The optimal activity was obtained between 8 and 15 h of growth and decreased after longer incubation (Fig. 1b) . This result suggested that the orphan unit could most probably be useful for secretion at an early stage of growth, as proposed previously (Michel et al., 2007) .
Therefore, several interesting features can be drawn from our results. (i) The orphan subunit could be particularly dedicated to suboptimal growth temperature, whereas the classical one is better adapted to higher temperatures.
(ii) Optimal expression of the orphan operon occurs at an early stage of the bacterial growth. (iii) Orphan and classical subunits can co-exist during growth at suboptimal temperatures but their functioning could be adapted to some specific environmental conditions and controlled by different regulatory mechanisms. From these observations, it can be proposed that the orphan subunit might play an important role in the environment and not in the host, and could contribute to the establishment of P. aeruginosa as a nosocomial pathogen on solid surfaces, for instance in hospitals, while the classical subunit could be more dedicated to direct human infection.
Genes involved in the regulation of expression of the PaQa operon
Results obtained from transcriptional studies suggested that expression of the genes encoding the orphan subunit could be under a specific regulatory control. Indeed, our results suggest a different regulatory control of PaQa and PQ operons, since the latter is known to be regulated by quorum sensing (QS) (Chapon-Hervé et al., 1997; Schuster et al., 2003; Wagner et al., 2003) . To identify PaQa regulators, a mutant library was engineered by using the properties of the transposon Mariner C9. This transposon was introduced into the wild-type strain bearing the transcriptional PPaQa-lacZ fusion, and recombinants were screened on X-Gal plates according to the intensity of blue staining. Seven clones, less blue than the control cells, were further investigated since they could represent mutants affected in putative activators. Transposon insertions in strains were localized by arbitrary PCR amplification and sequencing of the PCR product. Mutations affected PA1370 and PA1547 (hypothetical proteins), PA1549 (predicted ATPase involved in copper transport), PA1554 (cytochrome oxidase), PA0652 (Vfr) and finally PA3115 (FimV). Two different clones containing a transposon insertion at two distinct positions were mutated in the vfr gene. These results are in agreement with microarray studies carried out by Wolfgang et al. (2003) showing that expression of xphA and xqhA genes was highly decreased in a vfr mutant. : PPQ-lacZ strains were inoculated on solid LB medium as described in Methods, and incubated for 15 h at 25, 30 or 37 6C. b-Galactosidase activities were assayed using 1 OD 600 cell equivalent. Results are mean±SEM of three independent experiments. Significant difference compared with growth at 25 6C is indicated by asterisks (***P,0.001, Student's t-test). (b) The PAO1 : : PPaQa-lacZ strain was grown at 25 6C on solid LB medium and cells were withdrawn from the agar plates at the indicated times. The OD 600 of each culture, calculated as described in Methods, is indicated above each bar. b-Galactosidase activities were assayed using 1 OD 600 cell equivalent. Light grey bars, PPaQa-lacZ fusion; dark grey bars, lacZ promoter-less fusion control. Results are mean±SEM of three independent experiments. Effect of vfr and fimV mutations on the expression of the PaQa operon
We focused on vfr and fimV genes already reported in the literature. The former gene encodes a well-known global regulator that controls several processes (expression of genes encoding proteases, exotoxin A, twitching motility and QS) (Albus et al., 1997; Beatson et al., 2002; Suh et al., 2002; Kanack et al., 2006; Fox et al., 2008) and the latter encodes a protein involved in type IV pili assembly but has been poorly studied so far (Semmler et al., 2000; Ahn et al., 2004) . Both genes were also reported to be required for twitching motility and indeed, as expected, we observed that the selected mutants were impaired for this movement mode (data not shown). As shown in Fig. 2 , activity of the PPaQa-lacZ fusion was reduced by 18-fold in the fimV deletion mutant and less drastically in the vfr transposon mutant (fourfold). Complementation of the mutations increased activity of the fusions in these mutants, by 3.5-fold for fimV and 1.6-fold for vfr. This partial complementation was most probably due to the non-physiological expression level of fimV and vfr from plasmids. Nevertheless, our results showed that vfr and fimV genes are clearly (directly or indirectly) involved in the process that controls expression of the PaQa operon.
Effect of the fimV deletion on T2SS secretion on solid medium
Having defined the experimental conditions required to optimize expression of the orphan subunit, we investigated protein secretion on solid medium using an original culturing technique adapted for P. aeruginosa cells from Levin et al. (2007) : the ring-plate system. This culturing system was found to be functional, as the secretome of the PAO1 strain exhibited a similar exoprotein profile to that obtained with a classical liquid culture (Fig. 3a, lanes 1 and  2) . As the first attempts to detect exoproteins specifically secreted by the hybrid T2SS on ring-plates using a DPaQa mutant were unsuccessful, a new approach was investigated. Since we demonstrated a direct relationship between fimV and expression of the genes encoding the PaQa subunit, it was tempting to speculate that protein substrates of the hybrid T2SS might be detected by comparing secretome profiles of the parent strain PAO1 and its DfimV isogenic mutant. However, no exoprotein specific for the hybrid T2SS could be detected in these comparative studies (Fig. 3a, lanes 2 and 3) . Interestingly, deletion of the fimV gene caused a slight decrease in all the major exoproteins identified in the secretome of PAO1, and complementation of the mutation partially restored the secretion efficiency (Fig. 3a) . Indeed, immunodetection of the major exoprotease secreted by PAO1, the elastase LasB, confirmed that the amount of protein was decreased in the fimV mutant (Fig. 3b, lane 2) and its level was partially restored to that of the parent strain after complementation of the mutation (Fig. 3b, lane 3) . These results suggested that fimV could affect secretion via not only the hybrid T2SS but also the classical T2SS. LasB was not found to be accumulated in cells (Fig. 3b, lanes 4-6) in agreement with the cellular protein profiles observed in Fig.  3(a) (lanes 5-7) . Furthermore, P. aeruginosa mutant strains with the xcpQ gene deleted (encoding the secretin of the Xcp machinery, the classical T2SS) retained a residual hydrolytic activity shown on TSA-milk plates (Martínez et al., 1998 and Fig. 4a ). This activity is related to the hybrid secretion system functioning with the orphan subunit PaQa. Deletion of both xcpQ and xqhA (DQQa mutant) led to the complete disappearance of the proteolytic halo. We speculated that since the fimV gene is required for optimal expression of the xphA-xqhA operon, the PaQa-dependent residual hydrolytic activity should be abolished or at least drastically decreased in a mutant with a deletion in both the xcpQ and fimV genes. To this end, we engineered fimV mutants in xcpQ and xcpQ/xqhA backgrounds and tested them for proteolytic activity. As shown in Fig. 4(a) and as expected, the double mutant DQDfimV was devoid of a proteolytic halo and displayed the same behaviour as the DQQa mutant. This result suggests that fimV was required for secretion of proteases, mainly of the major exoprotease LasB, by the hybrid system. Immunodetection of LasB confirmed that as already shown in Fig. 3(b) , the extracellular LasB level was decreased in PAO1DfimV (Fig. 4b, lane 2) . This decreased level of LasB could also explain the small hydrolytic halo observed for the PAO1DfimV strain in the protease assay on the plate (Fig. 4a) . As expected, LasB was faintly or not detected in extracellular extracts of the DQ and DQDfimV mutants (Fig. 4b, lanes 3 and 4) , but both strains accumulated large amounts of LasB within the cells showing that they are impaired for LasB secretion (Fig. 4b, lanes 7 and 8) .
Influence of fimV on lasB expression
In contrast with the results obtained with DQ and DQDfimV mutant strains, intracellular accumulation of LasB was not observed in the PAO1DfimV mutant (Fig. 3b, lane 5, and Fig. 4b, lane 6) . These results could suggest that either intracellularly accumulated LasB was degraded by proteases in this mutant strain or lasB expression rather than secretion as such was affected by the fimV deletion. In line with the last hypothesis, a translational lasB-lacZ fusion expressed in the wild-type PAO1 strain and in the fimV mutant showed that activity of the fusion was decreased by 70 % in the mutant strain (Fig. 5a) . Therefore, it can be concluded that FimV is directly or indirectly required for efficient control of lasB expression. Since FimV is thought to be involved in type IV pili assembly, we hypothesized that blocking this process could trigger perturbations of the cell envelope and sensing signals, leading to an alteration of more global regulatory mechanisms, particularly those involved in lasB expression. lasB expression is known to be dependent on Vfr control via QS regulation (Gambello & Iglewski, 1991; Albus et al., 1997) . Moreover, as indicated in Fig. 2 , the global regulator Vfr was found to be an activator of the expression of orphan genes that encode the PaQa subunit. In order to test a possible relationship between FimV and the Vfr protein, we checked the level of vfr expression in fimV mutants. Cellular proteins from PAO1, PAO1DfimV, DQ and DQDfimV strains were analysed by Western blotting and probed with Vfr antiserum. Immunodetection revealed that the Vfr level decreased in fimV mutants compared with wild-type or DQ parent strains (Fig. 5b, c) . The relationship between FimV and Vfr appeared to be tight since complementation of the fimV mutation fully restored the Vfr level to that of the parent strain (Fig. 5c, lane 3) . Thus, these results show that high amounts of Vfr are required for optimal expression of lasB. Moreover, it should be pointed out that the level of Vfr Protein secretion by P. aeruginosa on solid medium is not altered in the DQ mutant impaired for classical T2SS, suggesting a specific link between the absence of FimV and the decrease in Vfr.
In contrast with Vfr, little is known about the FimV protein of P. aeruginosa. Nevertheless, it has been reported recently that a fimV mutant was defective in cAMP synthesis and that cAMP was required for Vfr activity and vfr expression (Fuchs et al., 2010) . Vfr has also been shown to control expression of the lasR promoter and thus QS in a cAMP-independent manner (Fuchs et al., 2010) . However, in contrast with our results, none of these studies indicated a direct relationship between FimV and Vfr proteins.
FimV protein is predicted to contain a LysM domain (http://v2.pseudomonas.com and http://pfam.sanger.ac. uk) which is thought to have a general peptidoglycan binding function and to be present in a variety of enzymes involved in bacterial cell degradation (Interpro entry IPR018392). As FimV has been shown to be involved in type IV pilus assembly (Semmler et al., 2000) , one could imagine that the loss of FimV affects a peptidoglycan breaching step necessary for pilus assembly. It could also be possible that the same peptidoglycan breaching mechanism is required for assembly of the T2SS machinery. Furthermore, in our experimental conditions, the absence of FimV could also cause a particular perturbation of the envelope due to defective pilus assembly and lead to an alteration of sensing signals involved in regulatory mechanisms such as Vfr control. This hypothesis is also supported by the studies of Baysse et al. (2005) showing that membrane alterations can modulate QS in P. aeruginosa.
Conclusions
In summary, our results showed that high levels of Vfr are required for optimal expression of genes encoding the orphan subunit of the hybrid T2SS and LasB. Although unexpected, FimV was shown to interact with Vfr by a mechanism that acts as a modulator of the Vfr level. Such fine tuning could also modulate both the level of Vfrdependent exoproteins and the efficiency of hybrid and classical T2SS according to the physiological state of the bacteria. Although no substrate specific for the hybrid T2SS has been identified so far, our results offer new insights into the function of this atypical secretion system. At the current stage of our investigation, it can be suggested that the hybrid T2SS can at least serve as a rescue system in growth conditions where the PQ subunit of the classical T2SS is affected or is poorly efficient. However, it can be reasonably claimed that in contrast with the classical T2SS, the hybrid T2SS could play a particular role in defined environmental conditions such as growth on solid medium at suboptimal growth temperature and at a relatively low cell density. Further work is now needed to improve the ring-plate culturing system in order to identify potential substrates of the hybrid T2SS of P. aeruginosa grown on solid medium and to elucidate the physiological role of this atypical secretion system. 
